Background--Inflammation is induced in the heart during the development of cardiac hypertrophy. The initiating mechanisms and the role of inflammation in cardiac hypertrophy, however, remain unclear. Toll-like receptor-2 (TLR2) recognizes endogenous molecules that induce noninfectious inflammation. Here, we examined the role of TLR2-mediated inflammation in cardiac hypertrophy.
C
ardiac hypertrophy is an abnormal increase in the volume of the heart muscle resulting from cardiomyocyte hypertrophy and proliferation of noncardiomyocyte cells such as fibroblasts and vascular endothelial cells in response to increased workload. This process is initially an adaptive response to maintain cardiac function through reduction in wall stress and energy expenditure, 1, 2 and impairment of the adaptive mechanisms leads to heart failure. 3, 4 Up to now, the molecular mechanisms contributing to the initiation of cardiac hypertrophy in response to hemodynamic stress are incompletely understood. Recently, noninfectious inflammation has been implicated in the pathophysiology of various diseases including cancers and lifestyle-related diseases. [5] [6] [7] [8] [9] It has also been reported that inflammation is induced in the heart during the development of cardiac hypertrophy despite the fact that there is no evidence of infection with microorganisms. 10, 11 In addition, proinflammatory cytokines such as interleukin-1b (IL-1b), IL-6, and tumor necrosis factor-a (TNF-a) have been shown to be related to the pathophysiology of cardiac hypertrophy and heart failure. [12] [13] [14] [15] However, the initiating mechanisms and the precise role of inflammation in cardiac hypertrophy remain unclear.
It has been postulated that noninfectious inflammation is induced by the interaction between pathogen receptors and endogenous molecules termed damage-associated molecular patterns (DAMPs), which are released from the cells under pathological conditions. 5, 6 Toll-like receptors (TLRs) are a class of proteins that play an important role in the innate immune system as pathogen receptors. 5 TLRs recognize not only foreign substances but also endogenous molecules, which induce noninfectious inflammation. [5] [6] [7] [8] TLR2 is a member of the TLR family and is expressed not only on immune cells but also on nonimmune cells, including cardiomyocytes, fibroblasts, and vascular endothelial cells. 16 There are various reports indicating that TLR2 is involved in stress responses under pathological conditions. 17 , 18 Here we show that TLR2-mediated inflammation induced by extracellularly released heat shock protein 70 (HSP70) is critically involved in adaptive cardiac hypertrophy during pressure overload.
Methods Animal Study
All experiments were approved by the University of Tokyo Ethics Committee for Animal Experiments and strictly adhered to the guidelines for animal experiments of the University of Tokyo. Eight-to 12-week-old male mice were used unless indicated. Wild-type C57BL/6 mice were purchased from Takasugi Experimental Animal Supply. Tlr2 À/À and Tlr4 À/À mice were purchased from OrientalBioService. Pressure overload was induced by transverse aortic constriction (TAC) as described previously. 19 Briefly, mice were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg of body weight). A 24-gauge polyethylene tube was inserted into the trachea, and mechanical ventilation was provided with use of a rodent ventilator (Model SN-480-7; Shinano Manufacturing Co.). The chest was opened via the second left intercostal incision, and the transverse aortic arch was exposed. The transverse aorta was banded between the brachiocephalic and the left common carotid arteries to the diameter of a 25-gauge needle using 7-0 nylon suture. This procedure increased systolic blood pressure in the ascending aorta by 36.2AE0.7 mm Hg (n=3), which was measured with micro pressure transducers cannulated from the right carotid artery during the procedure. This procedure was used as a model for pressure overload unless otherwise indicated. For more severe pressure overload, a 27-gauge needle was used for the banding of the transverse aorta, which increased systolic blood pressure in the ascending aorta by 74.0AE2.7 mm Hg (n=3). Sham animals were prepared identically without undergoing banding of the transverse aorta. A nuclear factor (NF)-jB inhibitor, BAY 11-7082 (5 mg per mouse, Enzo Life Sciences), was injected intraperitoneally every other day after the operation. Anti-IL-1b antibodies or control IgG (100 lg per mouse, R&D Systems) was injected intravenously immediately after the operation. Anti-HSP70 antibodies (200 lg/kg, Santa Cruz Biotechnology) or control IgG was administered intraperitoneally every other day after the operation. Human recombinant HSP70 (low endotoxin, 10 lg per mouse; Enzo Life Sciences) was injected intraperitoneally.
Bone Marrow Transplantation Experiment
Eight-week-old male Tlr2 +/+ and Tlr2 À/À mice were subjected to irradiation with a total dose of 9 Gy followed by bone marrow reconstitution by tail vein injection with 1.0910 7 bone marrow cells isolated from donor femurs and tibias. Four weeks after bone marrow transplantation, mice were subjected to TAC or sham operation.
To verify the reconstitution of bone marrow after transplantation by this protocol, we used green fluorescent protein (GFP) mice as the donors. Flow cytometry analysis showed that at 4 weeks after bone marrow transplantation, peripheral blood cells consisted of >95% GFP + cells.
Echocardiographic and Hemodynamic Measurements
Transthoracic echocardiographic study was performed under anesthesia with sodium pentobarbital with a dynamically focused 15-MHz linear-array transducer (EnVisor M2540A; Philips Medical System) with a depth setting of 1.5 cm. M-mode tracings were recorded from the short-axis view at the papillary muscle level of the left ventricle (LV). For hemodynamic measurement, the right carotid artery was cannulated by the micro pressure transducers with an outer diameter of 0.42 mm (Samba 201 and Samba Preclin 420 LP; Samba Sensors AB), which was then advanced into the LV. Pressure signals were recorded using a MacLab data acquisition system (Model 400 with chart v4.2 software; AD Instruments) with a sampling rate of 5000 Hz. Heart rate was kept at %250 to 350 beats per minute to minimize data deviation.
Histological Analysis
Hearts were weighed and fixed in methanol. Samples were embedded in paraffin and sectioned at 5-lm thickness. Specimens were stained with hematoxylin and eosin (H&E) or Sirius Red dyes as described previously. 19 Myocyte crosssectional area (CSA) and collagen volume fraction (CVF) were determined by quantitative morphometry of specimens with H&E and Sirius Red staining, respectively. Twenty cardiomyocytes per slide were measured for myocyte CSA calculation. Five random fields were examined for CVF analysis (magnification, 9200).
Immunohistochemical staining was performed with anti-CD31 antibody (MEC13.3; BD Pharmingen) and anti-Mac-3 antibody (M3/84; BD Pharmingen). Antibody distribution was visualized by use of the avidin-biotin complex technique and Vector Red substrate (Vector Laboratories). Quantitative assessment of the number of vessels per cardiomyocyte was performed in specimens with anti-CD31 staining. The number of vessels per cardiomyocyte was counted in 50 cardiomyocytes. Macrophage density was assessed in specimens with anti-Mac-3 antibody, and 5 random fields were examined (magnification, 9400). Density was expressed as the number per square millimeter.
RNA Extraction and RT-PCR Analysis
Total RNA was isolated from the myocardial tissues and cultured cells with TRIzol Reagent (Invitrogen Corp) and RNA Isolation Kit (Agilent Technologies), respectively. Reverse transcription was performed with 1 lg of total RNA, random hexamer primers, and MMLV reverse transcriptase (ReverTraAce-a; TOYOBO). For quantitative assessment of gene expression levels, quantitative real-time PCR analysis was performed. Specific mRNAs were quantified by SYBR Green real-time PCR Master Mix (TOYOBO) in the StepOnePlus RealTime PCR System (Applied Biosystems, Foster City, CA) under standard manufacturer's conditions. Data are expressed in arbitrary units that were normalized by correction for the signal obtained in the same cDNA preparation for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. The primers for real-time PCR were shown in the Table.
Western Blot Analysis
Proteins were extracted from the myocardial tissues homogenized in an RIPA Lysis and Extraction Buffer (G-Biosciences) with a protease inhibitor cocktail (Sigma-Aldrich) and a phosphatase inhibitor cocktail (Wako). Protein samples (20 lg) were separated by SDS-PAGE and transferred to a polyvinylidene fluoride membrane (Hybond-P; GE Healthcare). The membrane was incubated with anti-Akt1 antibody (1:1000; Santa Cruz Biotechnology), anti-phospho-Akt1 (1:1000; Sigma), and anti-b-actin antibody (1:5000; AC-15; Sigma-Aldrich), followed by incubation with horseradish peroxidase-conjugated secondary antibody. The enhanced chemiluminescence system (ECL Plus; GE Healthcare) was used for detection. The densitometric values of bands were measured using the densitometry software (Multi Gauge Ver3.0; FUJIFILM).
Measurement of NF-jB Activity in Murine Heart
For assessment of NF-jB activity in murine heart, free p65 in the nucleus of the heart tissue was measured by using NF-jB/p65 ActivELISA Kit (IMGENEX) according to the manufacturer's recommendation. Values were normalized to protein levels.
Measurement of HSP70 Concentration in Murine Plasma and Cell Culture Medium
HSP70 concentration was measured in the plasma of TAC or sham-operated mice and in the medium in which cardiomyocytes, fibroblasts, and vascular endothelial cells were cultured with 30 lmol/L H 2 O 2 or distilled water for 24 hours by using the HSP70 high-sensitivity EIA kit (Enzo Life Sciences) according to the manufacturer's recommendation.
Cell Cultures
Human microvascular endothelial cells from the heart (HMVEC-Cs) were purchased from Lonza. HMVEC-Cs were cultured in EGM-2 medium (Lonza) at 37°C in a mixture of 95% air-5% CO 2 .
Cardiomyocytes and fibroblasts were prepared from neonatal rats and cultured as described previously. 19 Neonatal
Wistar rats were purchased from Takasugi Experimental Animal Supply. Neonatal ventricles from 1-day-old Wistar rats were separated and minced in ice-cold balanced salt solution.
For isolation of cardiac cells, the tissues were incubated in a balanced salt solution containing 0.2% collagenase type 2 (Worthington Biochemical) for 7 minutes at 37°C with agitation. The digestion buffer was replaced 7 times. The dispersed cells were incubated in 100-mm culture dishes for 90 minutes to remove nonmyocytes. The unattached viable cells, which were rich in cardiomyocytes, were cultured on collagen type I-coated dishes at 37°C in DMEM supplemented with 10% fetal bovine serum (FBS). Nonmyocyte cells that attached to the dishes were cultured in DMEM supplemented with 10% FBS and allowed to grow to confluence. Then, they were trypsinized and passaged. Cell cultures yielded by this procedure were used as cardiac fibroblasts.
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In Vitro Experiments
Isolated cardiomyocytes, cardiac fibroblasts, and HMVEC-Cs were stimulated by a specific synthetic ligand for TLR2, Pam3CSK4 (300 ng/mL; InvivoGen), 21 and control, or human recombinant HSP70 (5 lg/mL) and vehicle. Treatment of anti-IL-1b antibodies and control IgG (5 lg/mL for cardiomyocytes and cardiac fibroblasts; 2.5 lg/mL for HMVEC-Cs; R&D Systems), anti-IL-6 antibodies and control IgG (20 lg/mL for cardiomyocytes and cardiac fibroblasts; 500 ng/mL for HMVEC-Cs; R&D Systems), anti-TNF-a antibodies and control IgG (60 lg/mL for cardiomyocytes and cardiac fibroblasts; 12 lg/mL for HMVEC-Cs; R&D Systems), or anti-TLR2
antibodies and isotype control antibodies (15 lg/mL, BioLegend) was performed 1 hour before the stimulation. BAY 11-7082 (1 lmol/L), and dimethyl sulfoxide or the NF-jB essential modulator (NEMO)-binding domain (NBD) peptide and the control peptide (5 lmol/L; IMGENEX) were pretreated 30 minutes before the stimulation. Cardiomyocyte hypertrophy was assessed after 48-hour stimulation by cardiomyocyte sizes and expression levels of hypertrophic marker genes. The expression levels of proinflammatory cytokine mRNAs were measured after 48-hour stimulation by real-time PCR. Cardiomyocyte size was determined by measuring the cell surface areas of sarcomeric a-actinin-positive cells identified through immunocytochemical examination. 19 Briefly, cardiomyocytes were fixed in 2% paraformaldehyde and permeabilized for 10 minutes with 0.2% Triton-X (Sigma-Aldrich) in PBS. After blocking with PBS containing 2% FBS for 10 minutes, they were then incubated with anti-sarcomeric a-actinin antibodies (Sigma-Aldrich), followed by treatment with Alexa Fluor 488-conjugated secondary antibodies. Proliferation of cardiac fibroblasts and HMVEC-Cs was assessed after 24-hour stimulation with Pam3CSK4 and control or with human recombinant HSP70 and vehicle by means of dimethylthiazol-carboxymethoxyphenyl-sulfophenyltetrazolium (MTS) assay (Promega) and expressed as the percentage of the absorbance to the well with cells treated by vehicle and control antibodies. 22 The expression levels of proinflammatory cytokine mRNAs were also measured 24 hours after the stimulation by real-time PCR. Consistently, expression levels of hypertrophic marker genes and fibrosis-related genes were lower in TAC-operated Tlr2
Statistical Analysis
hearts than in TAC-operated Tlr2 +/+ hearts ( Figure 2C and 2D).
Tlr2
À/À hearts showed the smaller number of vessels per cardiomyocyte with lower mRNA expression levels of vascular endothelial growth factor A than did Tlr2 +/+ hearts after TAC ( Figure 2E and 2F). In addition, mRNA expression levels of matrix metalloproteinases 2 and 9 were reduced in Tlr2 À/À hearts compared with Tlr2 +/+ hearts after TAC ( Figure 2G ).
These results indicate that TLR2 is essential for cardiac adaptive response to pressure overload. In fact, more severe pressure overload produced with a 27-gauge needle resulted in 100% mortality within 2 weeks in Tlr2 À/À mice, whereas the survival rate of Tlr2 +/+ mice was 60% (Figure 3 ).
We also assessed the role of TLR2 in the later phase of pressure overload-induced cardiac hypertrophy. Although the survival rate after TAC was significantly higher in Tlr2 +/+ mice than in Tlr2 À/À mice at 28 days after TAC, no additional deaths were observed in both Tlr2 +/+ and Tlr2 À/À mice between 14 days and 28 days after TAC ( Figure 4A ). At 28 days after TAC, Tlr2 +/+ mice showed LV dilatation and cardiac dysfunction, indicating the transition from adaptive cardiac hypertrophy to heart failure ( Figure 4B ). LV dilatation and cardiac dysfunction remained more severe in Tlr2
mice compared with those in Tlr2 +/+ mice at 28 days after TAC ( Figure 4B and 4C). The heart weight-to-body weight ratios were significantly smaller in Tlr2 À/À mice than in Tlr2
mice, even at 28 days after TAC ( Figure 4D ). Thus, cardiac maladaptation to pressure overload due to the loss of TLR2 is not a transient phenomenon in the early phase of pressure overload but leads to progressive cardiac dysfunction even in the later phase of pressure overload. 
TLR2 Expressed in the Heart
TLR2 Mediates Inflammation in the Heart During Pressure Overload
TLR2 signaling has been shown to induce proinflammatory cytokine expression via NF-jB activation. 5 We therefore measured NF-jB activity and expression levels of proinflammatory cytokines such as IL-1b, IL-6, and TNF-a in TACoperated Tlr2 +/+ and Tlr2 À/À hearts. At 2 weeks after the operation, NF-jB activity and expression levels of proinflammatory cytokine genes were increased in TAC-operated Genetic disruption of TLR2 suppresses cardiomyocyte hypertrophy, interstitial fibrosis, angiogenesis, and expression of matrix metalloproteinases at 2 weeks after TAC. A, Hematoxylin and eosin-stained heart sections. Cardiomyocyte cross-sectional area was measured in 20 cardiomyocytes (n=4). Scale bars=20 lm. B, Sirius Red-stained heart sections. Collagen volume fraction was calculated in 5 random fields (n=4). Scale bars=50 lm. C, Expression levels of hypertrophic marker genes. Expression levels of atrial natriuretic factor (Anf) and b-myosin heavy chain (b-Mhc) mRNAs were assessed (n=4). D, Expression levels of fibrosis-related genes. Expression levels of collagen type 1 a1 (Col1a1), collagen type 3 a1 (Col3a1), and transforming growth factor-b1 (Tgfb1) mRNAs were assessed (n=4). E, Immunohistochemistry using antibodies to CD31. The number of vessels per cardiomyocyte was counted in 50 cardiomyocytes (n=4). Scale bars=20 lm. F, Expression levels of vascular endothelial growth factor A (Vegfa) mRNA (n=4). G, Expression levels of matrix metalloproteinases 2 (Mmp2) and 9 (Mmp9) mRNAs (n=4). Expression levels of each gene were normalized to those of GAPDH (Gapdh 
TLR2 Signaling Induces Cardiomyocyte Hypertrophy and Proliferation of Fibroblasts and Vascular Endothelial Cells Through NF-jB Activation and IL-1b Upregulation
The major cellular components in the heart include cardiomyocytes, fibroblasts, and vascular endothelial cells. Cardiomyocyte hypertrophy and proliferation of fibroblasts and vascular endothelial cells are important processes in cardiac adaptive response to pressure overload. 3, 4, 23 To investigate the role of TLR2 signaling in these processes, we performed in vitro experiments by using isolated cardiomyocytes and fibroblasts and using HMVEC-Cs. Pam3CSK4, a specific synthetic ligand for TLR2, 21 induced cardiomyocyte hypertrophy ( Figure 7A ), which was supported by upregulation of atrial natriuretic factor and b-myosin heavy chain mRNA expression levels ( Figure 7B ). Pam3CSK4 stimulation also induced fibroblast and vascular endothelial cell proliferation ( Figure 7C and 7D). Expression levels of proinflammatory cytokine mRNAs were upregulated in these cells by Pam3CSK4 treatment (Figure 8A through 8C) .
To investigate the causative roles of the proinflammatory signaling pathway in cellular responses to TLR2 stimulation, we first examined the impact of NF-jB activation on these processes by using NF-jB inhibitors such as BAY 11-7082 and the NBD peptide. [24] [25] [26] Inhibition of NF-jB activity sup- . TLR2 expressed in the heart tissue, but not in bone marrow-derived cells, plays an important role in adaptive cardiac hypertrophy in response to pressure overload. A through E, Bone marrow-transplanted mice were subjected to TAC and analyzed at 2 weeks after the operation. A, Heart weight (HW) -to-body weight (BW) ratios (n=3 to 4). B, Echocardiographic parameters (n=3 to 4). C, Hematoxylin and eosin-stained heart sections. Cardiomyocyte cross-sectional area was measured in 20 cardiomyocytes (n=3 to 4). Scale bars=20 lm. D, Sirius Red-stained heart sections. Collagen volume fraction was calculated in 5 random fields (n=3 to 4). Scale bars=50 lm. E, Hemodynamic data (n=4). Hemodynamic measurement was performed by cannulating the micro-pressure transducers into the left ventricle through the right carotid artery. WT, Tlr2 levels of TNF-a mRNA in fibroblasts (Figures 8A through 8C and 9D through 9F). These results indicate that NF-jB activation is important for cellular responses to TLR2 stimulation.
Next, we assessed the role of proinflammatory cytokines in cellular responses to TLR2 stimulation. We focused on IL-1b because IL-1b expression was consistently associated with cellular responses to TLR2 signaling in vitro and in vivo. Treatment with anti-IL-1b antibodies suppressed Pam3CSK4-induced cardiomyocyte hypertrophy and proliferation of fibroblasts and vascular endothelial cells ( Figure 10A through  10D) . Expression levels of IL-1b mRNA were reduced by anti-IL-1b antibodies in Pam3CSK4-treated cells ( Figure 11A through 11C). Expression levels of IL-6 and TNF-a mRNAs were also suppressed by IL-1b neutralization in Pam3CSK4-treated cells except for expression levels of TNF-a mRNA in fibroblasts ( Figure 11A through 11C) . These results suggest that IL-1b contributes to cellular responses to TLR2 signaling with a positive feedback regulation in cardiomyocytes, fibroblasts, and vascular endothelial cells.
We also performed IL-6 and TNF-a neutralization experiments by using anti-IL-6 and anti-TNF-a antibodies, respectively. We found that treatment with anti-IL-6 antibodies resulted in suppression of cardiac fibroblast proliferation induced by Pam3CSK4, whereas Pam3CSK4-induced cardiomyocyte hypertrophy and vascular endothelial cell proliferation were not affected by anti-IL-6 neutralizing antibodies ( Figure 12A through 12C) . Anti-TNF-a antibody treatment led to suppression of Pam3CSK4-induced vascular endothelial cell proliferation, whereas this treatment did not suppress cardiomyocyte hypertrophy and cardiac fibroblast proliferation induced by Pam3CSK4 ( Figure 12D through 12F) . These results indicate that IL-6 and TNF-a may partly contribute to cellular responses to TLR2 signaling. However, as the expression levels of IL-6 and TNF-a were suppressed by IL-1b neutralization, the effects of IL-6 and TNF-a may also be regulated by IL-1b. Thus, IL-1b may be the main proinflammatory cytokine that plays an essential role in cellular responses to TLR2 signaling.
NF-jB Activation and IL-1b Upregulation Contribute to Adaptive Cardiac Hypertrophy in Response to Pressure Overload
Having established that NF-jB and IL-1b play an important role in cellular responses to TLR2 signaling, we examined the role of NF-jB and IL-1b in pressure overload-induced cardiac Figure 6 . TLR2 is important for inflammatory responses in the heart during pressure overload. A through D, Mice were analyzed at 2 weeks after TAC or sham operation. A, NF-jB activity in the heart (n=4). Free p65 levels in the nucleus were measured. Values were normalized to protein levels. B, mRNA expression levels of IL-1b (Il1b), IL-6 (Il6) and TNF-a (Tnfa) in the heart (n=4). Expression levels of each gene were normalized to those of GAPDH (Gapdh). C, Macrophage infiltration. Macrophage density was assessed in heart sections with anti-Mac-3 staining (n=4). Scale bars=20 lm. D, Monocyte chemotactic protein-1 (Mcp1) mRNA expression (n=4). Expression levels of Mcp1 mRNA were normalized to those of GAPDH (Gapdh) mRNA. *P<0.05 vs sham; †
P<0.05 vs Tlr2
+/+ mice. IL indicates interleukin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NF, nuclear factor; TAC, transverse aortic constriction; TLR, Toll-like receptor; TNF, tumor necrosis factor; WT, wild-type.
hypertrophy. First, we injected an NF-jB inhibitor, BAY 11-7082, to wild-type mice subjected to TAC. NF-jB activity was effectively suppressed by BAY 11-7082 administration in TACoperated hearts ( Figure 13A ). All TAC-operated and shamoperated mice survived until 2 weeks after the operation (n=7 for each group). Inhibition of NF-jB activity resulted in attenuated cardiac hypertrophy and interstitial fibrosis with greater ventricular dilatation, reduced ejection fraction, higher LVEDP, and lower maximum dP/dt after 2 weeks of TAC compared with vehicle treatment ( Figures 13B through 13E and 14A through 14D). NF-jB inhibition also suppressed angiogenesis, macrophage infiltration, and matrix metalloproteinase expression in TAC-operated hearts (Figure 15A through 15E). Gene expression levels of proinflammatory cytokines were reduced by NF-jB inhibition in TAC-operated hearts ( Figure 15F ). These results indicate that NF-jB activation contributes to cardiac adaptive response to pressure overload.
Next, to examine the impact of IL-1b upregulation on pressure overload-induced cardiac hypertrophy, we administered anti-IL-1b antibodies to wild-type mice subjected to TAC. The survival rate at 2 weeks after TAC was 100% (7/7) in wild-type mice treated with control antibodies and 77.8% (7/9) in wild-type mice treated with anti-IL-1b antibodies (P=NS), whereas all sham-operated mice survived until 2 weeks after the operation (n=7 for each group). Neutral- ization of IL-1b suppressed cardiac hypertrophy and interstitial fibrosis but led to greater ventricular dilatation and reduced systolic function with higher LVEDP after 2 weeks of TAC compared with treatment with control antibodies ( Figures 16A through 16D and 17A through  17D) . IL-1b neutralization also inhibited angiogenesis, macrophage infiltration, and matrix metalloproteinase expression in TAC-operated hearts ( Figure 18A through 18E) . NF-jB activity and the expression levels of IL-1b mRNA in TACoperated hearts were reduced by treatment with anti-IL-1b antibodies ( Figure 18F and 18G) . Expression levels of IL-6 and TNF-a mRNAs were also suppressed by IL-1b neutralization in TAC-operated hearts ( Figure 18G ). These results indicate that IL-1b plays a pivotal role in cardiac adaptive response to pressure overload. In addition, our results suggest that NF-jB activity and IL-1b expressions are regulated by a positive feedback loop in vivo.
TLR2/IL-1b Signaling Is Important for Activation of the IGF-1/Akt Pathway in the Heart During Pressure Overload
It has been reported that Akt activation plays an important role in adaptive cardiac hypertrophy. 27 Thus, we assessed phosphorylation levels of Akt in the heart tissue during pressure overload. We observed higher phosphorylation levels of Akt in TAC-operated Tlr2 +/+ hearts than those in shamoperated Tlr2 +/+ hearts ( Figure 19A ). In TAC-operated Tlr2
hearts, phosphorylation of Akt was suppressed compared with that in TAC-operated Tlr2 +/+ hearts ( Figure 19A ). We also found that treatment of anti-IL-1b antibodies resulted in suppressed phosphorylation levels of Akt in the heart tissues of wild-type mice after TAC ( Figure 19B ). Collectively, these results suggest that TLR2/IL-1b signaling may be important for Akt activation in the heart during pressure overload. It was reported that IL-1b induces insulin-like growth factor-1 (IGF-1) expression. 13 IGF-1 has been shown to activate the phosphatidylinositol 3-kinase/Akt cascade and contribute to adaptive cardiac hypertrophy in response to pressure overload. 20 Thus, we examined the expression levels of IGF-1 in the heart after TAC. In wild-type mice, expression levels of IGF-1 mRNA in the heart were upregulated after TAC ( Figure 19C and 19D) . However, genetic disruption of TLR2 or treatment with anti-IL-1b antibodies suppressed IGF-1 mRNA expression in the heart after TAC (Figure 19C and 19D) . These results suggest that TLR2/IL-1b signaling may activate the phosphatidylinositol 3-kinase/Akt cascade, possibly in part, through IGF-1 Figure 13 . NF-jB activation is important for adaptive cardiac hypertrophy in response to pressure overload. A through E, Mice were analyzed at upregulation, which induces adaptive cardiac hypertrophy during pressure overload.
Extracellular HSP70 Activates TLR2 Signaling and Induces Cardiomyocyte Hypertrophy and Proliferation of Fibroblasts and Vascular Endothelial Cells
Endogenous DAMP molecules are released from the cells via necrosis or active transport under pathological stimuli. 5, 6 HSP70 is one of DAMP molecules and is released immediately after stimulation from viable cells. 28, 29 Whereas intracellular HSP70 functions as a chaperone protein involved with protein folding and transport, 30, 31 it was reported that extracellular HSP70 can induce inflammatory responses via TLRs. 28, 32 We found that HSP70 concentrations in plasma were increased in TAC-operated mice compared with those in sham-operated mice ( Figure 20A ). In addition, oxidative stress, which is induced in the heart during pressure overload, 33 stimulated extracellular secretion of HSP70 in cardiomyocytes, fibroblasts, and vascular endothelial cells ( Figure 20B through  20D) . Thus, we hypothesized that HSP70 released from the heart tissue may be involved in activation of TLR2 signaling pathway during pressure overload and contribute to adaptive cardiac hypertrophy.
To investigate the effects of extracellular HSP70 on cardiomyocytes, fibroblasts, and vascular endothelial cells, we stimulated these cells with human recombinant HSP70. Human recombinant HSP70 induced cardiomyocyte hypertrophy and fibroblast and vascular endothelial cell proliferation, Figure 14 . NF-jB inhibition attenuates cardiomyocyte hypertrophy and interstitial fibrosis at 2 weeks after TAC. A through D, Mice were analyzed at 2 weeks after TAC or sham operation under treatment of an NF-jB inhibitor (NF-jBI) or vehicle. A, Hematoxylin and eosin-stained heart sections. Cardiomyocyte cross-sectional area was measured in 20 cardiomyocytes (n=3). Scale bars=20 lm. B, Sirius Red-stained heart sections. Collagen volume fraction was calculated in 5 random fields (n=3). Scale bars=50 lm. C, Expression of hypertrophic marker genes. Expression levels of atrial natriuretic factor (Anf) and b-myosin heavy chain (b-Mhc) mRNAs were measured (n=3). D, Expression of fibrosis-related genes. Expression levels of collagen type 1 a1 (Col1a1), collagen type 3 a1 (Col3a1), and transforming growth factor-b1 (Tgfb1) mRNAs were measured (n=3). Expression levels of each gene were normalized to those of GAPDH (Gapdh). *P<0.05 vs sham; † P<0.05 vs vehicle. NF indicates nuclear factor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TAC, transverse aortic constriction. Figure 15 . NF-jB inhibition suppresses angiogenesis, macrophage infiltration, and expression of matrix metalloproteinases and proinflammatory cytokines at 2 weeks after TAC. A through F, Mice were analyzed at 2 weeks after TAC or sham operation under treatment of an NF-jB inhibitor (NF-jBI) or vehicle. A, Immunohistochemistry using antibodies to CD31. The number of vessels per cardiomyocyte was counted in 50 cardiomyocytes (n=3). Scale bars=20 lm. B, Expression levels of vascular endothelial growth factor A (Vegfa) mRNA (n=3). C, Macrophage infiltration. Macrophage density was assessed in heart sections with anti-Mac-3 staining (n=3). Scale bars=20 lm. D, Expression levels of monocyte chemotactic protein-1 (Mcp1) mRNA (n=3). E, mRNA expression of matrix metalloproteinases 2 (Mmp2) and 9 (Mmp9) (n=3). F, mRNA expression levels of IL-1b (Il1b), IL-6 (Il6), and TNF-a (Tnfa) in the heart (n=3). Expression levels of each gene were normalized to those of GAPDH (Gapdh). *P<0.05 vs sham; † P<0.05 vs vehicle. IL indicates interleukin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NF, nuclear factor; TAC, transverse aortic constriction; TNF, tumor necrosis factor. which was suppressed by treatment with anti-TLR2 antibodies ( Figure 21A through 21D) . Expression levels of proinflammatory cytokine mRNAs in these cells were increased by treatment with human recombinant HSP70 except for IL-6 mRNA expression in cardiomyocytes and TNF-a mRNA expression in vascular endothelial cells (Figure 22A through  22C) . However, treatment of anti-TLR2 antibodies suppressed upregulation of proinflammatory cytokine mRNAs in HSP70-treated cells (Figure 22A through 22C) . These results indicate that HSP70 can activate TLR2 signaling pathway in cardiomyocytes, fibroblasts, and vascular endothelial cells and induce cellular responses observed in cardiac hypertrophy.
To examine the effects of extracellular HSP70 in vivo, we injected human recombinant HSP70 to Tlr2 +/+ and Tlr2 À/À mice. At 24 hours after the administration, NF-jB activity and mRNA expression levels of proinflammatory cytokines except for IL-6 were increased in Tlr2 +/+ hearts but not in Tlr2 Because it was reported that HSP70 can also activate TLR4 signaling, 6 we examined the contribution of TLR4 in HSP70-induced inflammation in the heart. When we injected human recombinant HSP70 to Tlr4 +/+ and Tlr4 À/À mice, expression levels of IL-1b and IL-6 mRNAs did not differ between Tlr4
and Tlr4 À/À mice, whereas expression levels of TNF-a mRNA were suppressed in Tlr4 À/À mice compared with Tlr4 +/+ mice ( Figure 24 ). Our findings indicate that HSP70-induced IL-1b upregulation is mediated by TLR2, but not by TLR4, whereas the TLR2 and the TLR4 signaling pathways exert synergistic regulation of HSP70-induced TNF-a expression. Because our IL-1b neutralization experiments suggested that IL-1b regulates TNF-a expression, TLR2 signaling may be the main signaling pathway in HSP70-induced inflammation in the heart.
Extracellular HSP70 Contributes to Adaptive Cardiac Hypertrophy in Response to Pressure Overload
To investigate the role of extracellular HSP70 in pressure overload-induced cardiac hypertrophy, we administered anti-HSP70 antibodies to wild-type mice subjected to TAC. The survival rate at 2 weeks after TAC was 100% (7/7) in wildtype mice treated with control antibodies and 87.5% (7/8) in wild-type mice treated with anti-HSP70 antibodies (P=NS), whereas all sham-operated mice survived until 2 weeks after the operation (n=7 for each group). This treatment resulted in attenuated cardiac hypertrophy and interstitial fibrosis with more LV dilatation, reduced ejection fraction, higher LVEDP, and smaller maximum dP/dt compared with treatment with control antibodies after 2 weeks of TAC (Figures 25A through 25D and 26A through 26D). Angiogenesis, macrophage infiltration, and matrix metalloproteinase expression were reduced by anti-HSP70 antibodies in TAC-operated hearts ( Figure 27A through 27E) . HSP70 neutralization suppressed NF-jB activation and upregulation of proinflammatory cytokine mRNAs during pressure overload ( Figure 27F and 27G) . These results indicate that extracellular HSP70 is involved in noninfectious inflammation in the heart during pressure overload and contributes to adaptive cardiac hypertrophy.
Discussion
In this study, we show that TLR2-mediated noninfectious inflammation induced by extracellularly released HSP70 is essential for adaptive cardiac hypertrophy in response to pressure overload ( Figure 28 ). In addition, our findings suggest that IL-1b upregulation via NF-jB activation plays a causative role in this mechanism. Furthermore, our results indicate that NF-jB activity and IL-1b expression may be regulated by a positive feedback loop. TLR2 expressed in bone marrow-derived cells does not contribute to this process. Thus, TLR2 works as a local stress sensor of the heart, which Figure 17 . IL-1b neutralization attenuates cardiomyocyte hypertrophy and interstitial fibrosis at 2 weeks after TAC. A through D, Mice were analyzed at 2 weeks after TAC or sham operation under treatment of anti-IL-1b antibodies (Ab) or control antibodies. A, Hematoxylin and eosin-stained heart sections. Cardiomyocyte crosssectional area was measured in 20 cardiomyocytes (n=3). Scale bars=20 lm. B, Sirius Red-stained heart sections. Collagen volume fraction was calculated in 5 random fields (n=3). Scale bars=50 lm. C, Expression of hypertrophic marker genes. Expression levels of atrial natriuretic factor (Anf) and b-myosin heavy chain (b-Mhc) mRNAs were measured (n=3). D, Expression of fibrosis-related genes. Expression levels of collagen type 1 a1 (Col1a1), collagen type 3 a1 (Col3a1), and transforming growth factor-b1 (Tgfb1) mRNAs were measured (n=3). Expression levels of each gene were normalized to those of GAPDH (Gapdh). *P<0.05 vs sham; † P<0.05 vs control antibodies. IL indicates interleukin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TAC, transverse aortic constriction. Figure 18 . IL-1b neutralization suppresses angiogenesis, inflammatory responses and expression of matrix metalloproteinases in the heart at 2 weeks after TAC. A through G, Mice were analyzed at 2 weeks after TAC or sham operation under treatment of anti-IL-1b antibodies (Ab) or control antibodies. A, Immunohistochemistry using antibodies to CD31. The number of vessels per cardiomyocyte was measured in 50 cardiomyocytes (n=3). Scale bars=20 lm. B, Expression levels of vascular endothelial growth factor A (Vegfa) mRNA (n=3). C, Macrophage infiltration. Macrophage density was assessed in heart sections with anti-Mac-3 staining (n=3). Scale bars=20 lm. D, Expression levels of monocyte chemotactic protein-1 (Mcp1) mRNA (n=3). E, mRNA expression of matrix metalloproteinases 2 (Mmp2) and 9 (Mmp9) (n=3). F, NF-jB activity in the heart (n=3). Free p65 levels in the nucleus were measured. Values were normalized to protein levels. G, mRNA expression levels of IL-1b (Il1b), IL-6 (Il6), and TNF-a (Tnfa) in the heart (n=3). Expression levels of each gene were normalized to those of GAPDH (Gapdh). *P<0.05 vs sham; † P<0.05 vs control antibodies. IL indicates interleukin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TAC, transverse aortic constriction; TNF, transforming growth factor. is indispensable for an adaptive response to pathological stimuli.
Recently, inflammation has been implicated in the pathophysiology of cardiovascular diseases. [34] [35] [36] [37] [38] However, the role and the initiating mechanisms of inflammation in the heart diseases are incompletely understood. Recent studies have demonstrated that endogenous molecules induced under pathological conditions, called DAMPs, can stimulate pathogen receptors such as TLRs and cause noninfectious inflammation. 5, 6 In the present study, we demonstrated that this mechanism works in the heart during pressure overload and contributes to adaptive cardiac hypertrophy. However, chronic inflammation has been implicated in the pathogenesis of heart failure. 12 In fact, Oka et al 39 reported that mitochondrial DNA that escapes from autophagy induces inflammation via TLR9 and causes heart failure during pressure overload. Collectively, noninfectious inflammation may play an important role in both adaptive and maladaptive cardiac remodeling during pressure overload. Thus, it is important to clarify the difference between the features of inflammatory responses in adaptive and maladaptive cardiac remodeling during pressure overload.
In our study, IL-1b was important for cardiac adaptive response to pressure overload, whereas in the study by Oka et al, 39 IL-6 was predominantly expressed in the failing heart. In the previous report, Yamamoto et al 40 demonstrated that TLR-mediated responses are regulated in a 2-step mechanism. They revealed that the transcriptional regulator IjBf induction in the first step response, in which IL-1b and TNF-a are also induced, is required for the second step response in which IL-6 is induced. Collectively, these findings suggest that IL-1b-dominant inflammation caused by the first step response of TLR signaling may contribute to cardiac adaptation to pressure overload, whereas sustained pressure overload and resultant prolonged inflammatory responses may induce a shift to the second step response and IL-6-dominant inflammation, which may cause adverse cardiac remodeling and heart failure. Various DAMP molecules may be induced at different phases during pressure overload as initiating or amplifying factors of inflammatory responses according to the intensity and the duration of pathological stress and may modulate the feature of inflammation in the heart. TLR-mediated inflammation is regulated by NF-jB. 5 In the present study, we found that TLR2 is important for NF-jB activation in the heart during pressure overload. In the previous studies, NF-jB activation in the heart has been shown to induce cardiac hypertrophy. 34, 41, 42 Consistently, our in vivo experiment using an NF-jB inhibitor demonstrated that NF-jB activation is important for adaptive cardiac hypertrophy during pressure overload. Together with the results of our in vitro experiments, the TLR2/NF-jB pathway may play a pivotal role in cardiac adaptive response to pressure overload. NF-jB activation was associated with proinflammatory cytokine expression in vitro and in vivo. We also found that IL-1b is important for cellular responses to TLR2 signaling. Thus, NF-jB may exert its effects on pressure overload-induced cardiac hypertrophy through the upregulation of IL-1b, which may work in an autocrine or a paracrine manner. It was reported that NF-jB directly induces transcriptional activators of cardiac hypertrophy. 43 NF-jB also induces the transcriptional activation of anti-apoptotic molecules. 44 Thus, NF-jB activation may enhance cardiac adaptive response to pressure overload partly through its direct transcriptional regulation of hypertrophic and antiapoptotic signals. However, because the positive feedback regulation was observed between NF-jB activity and IL-1b expression, IL-1b may play an important role also in this mechanism. It has been well established that IL-1b induces cardiac hypertrophy. 35 In the previous study, it was reported that IL-1b induces IGF-1 upregulation and Akt activation, 13 which play important roles in adaptive cardiac hypertrophy. 27 In this study, we found that TLR2 signaling is important for IGF-1 upregulation and Akt activation in the heart during pressure overload. We also found IL-1b neutralization suppresses IGF-1 expression and Akt activation in TAC-operated hearts, which is consistent with the previous study. 13 Thus, IL-1b upregulation may be a key process in TLR2-mediated cardiac adaptive response to pressure overload, although the mechanisms in which the TLR2/IL-1b axis induces IGF-1 upregulation and Akt activation remain nonelucidated. Interestingly, in Chagasic cardiomyopathy, it was reported that TLR2 regulates IL-1b-dependent cardiomyocyte hypertrophy triggered by Gene expression levels of IL-1b (Il1b), IL-6 (Il6), and TNF-a (Tnfa) at 24 hours after intravenous injection of human recombinant HSP70 or vehicle in Tlr4 +/+ and Tlr4 À/À hearts (n=4). Expression levels of each gene were normalized to those of GAPDH (Gapdh). WT, Tlr4 Trypanosoma cruzi. 45 Thus, TLR2-mediated IL-1b induction is involved in the pathogenesis of both infectious and noninfectious heart diseases. In the generation of IL-1b, pro-IL-1b, an inactive precursor, needs to undergo proteolysis by the converting enzyme caspase-1. Recently, the Nod-like receptor (NLR) family, such as the nucleotide-binding domain, leucinerich-containing family, pyrin domain-containing-3 (NLRP3) inflammasome, has been implicated in caspase-1 activation by sensing the non-microbial-originated DAMPs and to play an important role in the pathophysiology of various diseases. 46, 47 Thus, the NLRP3 inflammasome, the other pathogen sensor, may also be involved in cardiac adaptive response to pressure overload by modulating TLR2 signaling pathway.
Although it was reported that HSP70 may be a ligand for TLR2, 48, 49 it remains controversial because later works suggested that the previously reported cytokine function of HSP70 via TLRs might be a resultant of contaminants such as lipopolysaccharide. 50 Cytokine functions of HSP70 have been . HSP70 neutralization suppresses angiogenesis, inflammatory responses, and expression of matrix metalloproteinases in the heart at 2 weeks after TAC. A through G, Mice were analyzed at 2 weeks after TAC or sham operation under treatment of anti-HSP70 antibodies (Ab) or control antibodies. A, Immunohistochemistry using antibodies to CD31. The number of vessels per cardiomyocyte was measured in 50 cardiomyocytes (n=3). Scale bars=20 lm. B, Expression levels of vascular endothelial growth factor A (Vegfa) mRNA (n=3). C, Macrophage infiltration. Macrophage density was assessed in heart sections with anti-Mac-3 staining (n=3). Scale bars=20 lm. D, Expression levels of monocyte chemotactic protein-1 (Mcp1) mRNA (n=3). E, mRNA expression of matrix metalloproteinases 2 (Mmp2) and 9 (Mmp9) (n=3). F, NF-jB activity in the heart (n=3). Free p65 levels in the nucleus were measured. Values were normalized to protein levels. G, mRNA expression levels of IL-1b (Il1b), IL-6 (Il6), and TNF-a (Tnfa) in the heart (n=3). Expression levels of each gene were normalized to those of GAPDH (Gapdh). *P<0.05 vs sham; † P<0.05 vs control antibodies. HSP indicates heat shock protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL, interleukin; NF, nuclear factor; TAC, transverse aortic constriction; TNF, tumor necrosis factor.
extensively investigated in the immune system, but highly purified HSP70 is incapable of inducing cytokine effects on immune cells. However, because TLR2 is expressed not only on immune cells but also on nonimmune cells, 16 it has been suggested that HSP70 may have cytokine effects on non-immune cells. In fact, we showed that highly purified HSP70 exerts cytokine effects via TLR2 on cardiomyocytes, cardiac fibroblasts, and vascular endothelial cells. These findings on the difference in the effects of HSP70 between immune cells and nonimmune cells are consistent with the results of our bone marrow transplantation experiment in which TLR2 expressed in the heart tissue, but not in bone marrow-derived cells, is involved in cardiac adaptive response to pressure overload. Thus, TLR2 signaling may be differently regulated depending on cell types. There are several limitations in this study. In our in vivo experiments, we analyzed only surviving mice after TAC, which might cause selection bias. However, the results of our in vitro experiments support the findings of in vivo experiments. Our study lacks direct evidence which indicates that the effects of TLR2 signaling in pressure overload-induced cardiac hypertrophy are mediated through NF-jB activation and IL-1b upregulation. Therefore, there is a possibility that TLR2 signaling may contribute to adaptive cardiac hypertrophy via the NF-jB-and IL-1b-independent pathways. Although the rescue experiments in Tlr2 À/À mice may clarify the roles of NF-jB and IL-1b in TLR2 signaling during pressure overload, this strategy may be practically difficult because excessive NF-jB activation or IL-1b administration may be harmful due to the induction of excessive inflammatory responses and, thus, the very delicate modulation may be required. In the present study, BAY 11-7082 was used for NF-jB inhibition in vivo. However, BAY 11-7082 is not a specific inhibitor for NF-jB. Thus, BAY 11-7082 might impair adaptive cardiac hypertrophy during pressure overload through the NF-jB-independent mechanisms, although in vitro experiments demonstrated that the effects of BAY 11-7082 on cellular responses to TLR2 signaling were similar to those of the NBD peptide, which is a more specific inhibitor for NFjB. 25, 26 In this study, it remains unclear whether HSP70 is a genuine ligand for TLR2 or a modulator of TLR2 ligands. To address this question, structural analysis is required, which is beyond the scope of this study.
Conclusions
This study demonstrates that TLR2-mediated inflammation contributes to adaptive cardiac hypertrophy in response to pressure overload. Thus, modulation of TLR2 signaling in the heart may provide a novel strategy for treating heart failure due to inadequate adaptation to hemodynamic stress. In addition, although chronic inflammation has been shown to be involved in adverse cardiac remodeling, 12 our findings suggest that anti-inflammatory therapies may lead to the loss of beneficial effects of proinflammatory cytokines, which may result in worsening heart failure. Thus, further analysis that clarifies the difference between beneficial and harmful inflammation in cardiac remodeling will be necessary to provide safe and novel anti-inflammatory strategies for prevention and treatment of adverse cardiac remodeling. 
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